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ENHANCEMENT OF FATIGUE CRACK GROWTH AND FRACTURE
RESISTANCE IN Ti-6Al-4V AND Ti-6A1-6V-2Sn THROUGH
MICROSTRUCTURAL MODIFICATION

INTRODUCTION

Ti-6Al-4V and Ti-6Al1-6V-2Sn are high-strength structural alloys used in weight-
critical aerospace applications. In these applications, high tensile strength must be bal-
anced against adequate crack tolerance to achieve overall structural integrity. Though
recent studies have shown that plane-strain fracture toughness Kj, generally can be im-
proved by heat treatment, there is no general agreement as to the degree of the accom-
panying sacrifice in strength level. It is even more disturbing to find the literature confused
and contradictory with regard to the possibilities of enhancing fatigue crack propagation
(FCP) resistance by microstructural alteration.

The object of the work presented here is to help resolve the issue of whether
Region-2 FCP resistance and K, can be affected significantly by microstructural control
in commercial-purity Ti-6A1-4V and Ti-6Al1-6V-2Sn. Regicn-2 FCP resistance and K,
in both Ti-6Al1-4V and Ti-6Al-6V-2Sn have been investigated for microstructures associ-
ated with the mill anneal (MA), recrystallization anneal (RA), and beta anneal (BA).

BACKGROUND

Fatigue crack-growth rates (da/dN) for structural alloys are commonly analyzed as a
function of the fracture mechanics stress-intensity factor range AK according to the power
law relationship proposed by Paris and Erdogan [1]:

da/dN = C(AK)™. 1)

However, a logarithmic plot of da/dN vs AK over the full spectrum of AK levels associated
with the fatigue process is typically sigmoidal in form, as shown schematically in Fig. 1.
Region 1 occurs at low AK levels (AK < 11 MPa * m1/2 for high-strength titanium alloys)
and is characteristic of a threshold condition for nonpropagating cracks, whereas Region 3
occurs at high AK levels approaching unstable fracture. It is the behavior between the
upper and lower inflection points (i.e., Region 2), which is most often approximated by
Eq. (1), that will be addressed in this report. Fatigue-crack propagation behavior in this
region is of prime concern to the analysis of finite-life structural fatigue.

In the case of titanium alloys, the influence of heat treatment, and the resulting
microstructural modification, on Region 2 FCP behavior are not well understood [2- 4].
Typically, these alloys are employed in the mill-annealed condition. However, evidence

Manuscript submitted August 16, 1976.
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MA, and the slowest were observed for the BA; the RA provided behavior between these
extremes. Overall, crack-growth rates were observed to vary by as much as an order of
magnitude in response to heat treatment.

oy,

The maximum degree of beneficial response occurred with the BA at lower AK

1 levels (15 < AK < 23 MPa-m1/2), below a transition point, denoted T in Fig. 3. Below
3 T, fatigue-crack propagation was characterized by macroscopic crack-front bifurcation, as
illustrated in Fig. 8. Microscopically, this mode of crack growth has been observed to
occur as microstructurally sensitive cracking along crystallographic planes and has been

e R e s S e e
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Fig. 8—(a) Crack bifurcation in the fatigue crack growth of a beta-annealed Ti-6Al-4V
alloy; (b) normal, nonbifurcated Mode I fatigue crack growth in a mill-annealed

Ti-6A1-6V-2Sn alloy
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analyzed in detail in a separate report [20]. The net effect of crack bifurcation is to
disperse the strain-field energy of the macroscopic crack among multiple crack tips and
increase the surface area generated during crack propagation, thus significantly decreasing
crack-growth rates. Among the six combinations of alloy and heat treatment studied,
only in the case of the BA in the Ti-6Al-4V alloy did this bifurcation appear; the macro-
scopic effect of this microscopic difference in behavior is quite apparent on the da/dN-
vs-AK summary plot of Fig. 5.

Significant enhancement of FCP resistance in high-strength titanium alloys depends
largely on microstructurally sensitive crack propagation such as is seen here for the BA
in the Ti-6Al-4V. Further fundamental investigation is required to explain the exact
metallurgical conditions that give rise to it. However, these observations do lend support
to the work reported by Harrigan et al., and serve to focus further attention on the BA
heat treatment as a means of significantly enhancing the FCP resistance of commercial-
purity Ti-6Al-4V alloys.

For the three microstructures of the Ti-6A1-6V-2Sn alloy (Fig. 4), a similar but less
pronounced ordering of the da/dN-vs-AK curves with heat treatment was observed. The
RA produced little effect on crack-growth rates except at higher AK levels approaching
fracture. This is in general agreement with the results of Kondas et al. [11] and DeMay
[9] on commercial-purity Ti-6Al-6V-2Sn alloys. The BA resulted in modest improve-
ments in FCP resistance at all AK levels studied, with da/dN values reduced by approxi-
mately a factor of two for the BA. No significant evidence of crack-front bifurcation
was observed in the Ti-6Al-6V-2Sn BA material. However, the upper branch of the
da/dN-vs-AK curve above T for the BA in Ti-6Al-4V and the curve for the BA in
Ti-6Al-6V-2Sn virtually overlap, as shown in Fig. 5.

It might be further observed that the ordering of fatigue crack-growth rates as a
function of heat treatment in Figs. 3 and 4 appears to correlate with strength level and
the inverse of the strain-hardening exponents listed in Table 3. Such a relation is con-
sistent with some models of FCP resistance, although it is uncertain that any correlation
with hardening exponents should be based on monotonic rather than cyclic strain-
hardening (or softening) behavior.

Inasmuch as several investigators have reported that FCP rates for different materials
can be normalized with respect to Young’s modulus (E), it is pertinent to note that the
da/dN-vs-AK curves of Figs. 3 and 4 cannot be normalized on this basis. If such a nor-
malization were undertaken using the values of E in Table 3, the curves would actually
diverge from their present positions.

Plane-Strain Fracture Toughness

A similar ordering of the Kj, and oy results with heat treatment is apparent in the
data plotted in Figs. 6 and 7. As with the FCP data, the MA is associated with the
lowest values of Ky, for each alloy. The maximum improvement here is also obtained
via the BA, with the RA producing intermediate results. As given in the tabulated values
of K|, (Table 3), the BA serves to roughly double the fracture toughness of both alloys
from levels associated with the MA. Also, in both alloys the RA imparts substantial
benefits to Kj, values.
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However, as also illustrated in Figs. 6 and 7, the RA and BA are accompanied by a
loss of yield strength, most pronounced for the BA. The BA causes reductions in yield
strength of 9% and 14% in Ti-6A1-6V-2Sn and Ti-6Al-4V, respectively, from levels asso-
ciated with the MA. Nevertheless, it is encouraging that for both alloys the RA sub-
stantially enhances Kj, values with minor loss of yield strength. This agrees with the
findings of Kondas et al. {11].

The tangible benefit of processing structural alloys to achieve higher fracture tough-
ness is the ability of the metals to tolerate larger critical crack sizes without fracturing
unstably. As presented in Table 4, critical crack sizes for fracture in these materials are
substantially increased by heat treatment. In both alloys, the critical crack sizes for the
MA are barely within the detectable range for even sophisticated nondestructive inspec-
tion procedures. By heat treatment, these critical crack sizes can be increased to a size
at which detection before failure becomes much more probable.

CONCLUSIONS

The results obtained from this investigation have shown that the FCP resistance and
plane-strain fracture toughness of commercial-purity Ti-6Al-4V and Ti-6Al-6V-2Sn alloys
are significantly enhanced through recrystallization and beta anneals, as compared to the
original mill-annealed condition. Specific findings are as follows:

The maximum degree of improvement in overall crack tolerance was achieved with
the beta anneal. Fatigue crack-growth rates were reduced by as much as an order of
magnitude in the Ti-6Al-4V, and plane-strain fracture toughness was approximately doubled
in both alloys by beta annealing criginally mill-annealed materials.

The penalty for achieving these marked improvements in crack tolerance was loss of

yield strength, which ranged from 9% in Ti-6Al-6V-2Sn to 14% in Ti-6Al-4V.

Table 4—Critical Crack Depths
(Long, Shallow Surface Cracks)

Alloys and a (mm) a (mm)
Heat Treatment 0= 0.5 0ys 0 =0ys
Ti-6Al1-4V

MA 1.9 0.4

RA 7.5 1.6

BA 11.2 2.4

Ti-6Al-6V-2Sn

MA 2.3 0.5
RA 5.1 11
BA 8.1 1.8
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For both alloys, the recrystallization anneal resulted in marginal to negligible reduc-
tions in fatigue crack-growth rates but substantially improved plane-strain fracture tough-
ness with small loss of yield strength.

The most significant reductions in fatigue crack-growth rates (of approximately an
order of magnitude in beta-annealed Ti-6Al-4V) were associated with microstructurally
sensitive crack bifurcation. However, this phenomenon and its concomitant benefits were
not observed in the beta-annealed Ti-6Al-6V-2Sn. The metallurgical conditions that give
rise to this highly beneficial fatigue-crack propagation mechanism in high-strength tita-
nium alloys are not yet fully understood.
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Appendix A

FATIGUE CRACK-GROWTH DATA FOR Ti-6Al1-4V ALLOY

MILL ANNEAL

This appendix contains a tabulation of the fatigue crack-growth rate (da/dN) vs
stress-intensity factor range (AK) data plotted in Fig. 3 for the recrystallization anneal
(RA), beta anneal (BA), and mill anneal (MA).

Specimen No. Specimen No.
R23C-1D R23C-2D

AK da/dN AK da/dN
(MPa-m!/2) | (mm/cycle) F(MPa- ml/2) | (mm/cycle)

15.3 1.75X 104 20.2 4.83xX10°4

15.5 1.95 20.6 5.64

15.8 2.07 21.2 6.35

16.0 2.16 21.9 7.01

16.4 2.36 22.6 7.82

16.9 2.62 23.3 9.25

17.4 2.95 24.1 1.02x10°3

18.0 3.23 25.0 1.20

18.6 3.68 25.8 1.35

19.3 4.24 26.7 1.92

20.0 4.52 27.9 2.18

20.9 5.54 29.4 3.05

22.0 6.22

23.2 7.62

24.5 1.13x10°3
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BETA ANNEAL

Specimen No. Specimen No.
R23C-3D R23C-7D
AK da/dN AK da/dN
(MPa-m!/2) (mm/cycle) (MPa-ml/2) (mm/cycle)
—
15.2 2.23x10°5 19.9 8.33X10°5
15.3 2.29 20.1 9.86
154 2.31 20.4 1.22x 1074
15.6 2.42 20.6 1.61
15.8 2.67 20.9 1.99
16.0 2.82 21.2 2.16
16.3 3.02 21.5 2.31
16.5 3.18 21.8 2.42
16.8 3.33 22.2 2.54
17.0 3.68 22.5 2.67
17.3 3.91 23.1 2.87
17.6 4.24 23.9 3.00
17.9 4.72 24.7 3.38
18.2 5.08 25.5 3.68
18.5 5.82 26.4 4.24
18.9 6.78 274 4.95
19.2 7.52 28.3 5.64
19.5 8.84 29.3 6.15
19.9 1.02X 104 30.4 6.35
20.2 1.07 31.5 7.52
20.5 1.20 32.7 8.13
20.9 1.45 34.0 9.68
21.5 1.56 35.8 1.09x 10°3
22.2 1.69 38.1 1.45
23.0 1.85 40.9 1.91
23.9 2.54 44.8 2.26
24.8 3.68 50.4 2.65

e
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Specimen No. Specimen No.
R23C-4D R23C-5D
AK da/dN AK da/dN
(MPa-ml/2) | (mm/cycle) (MPa-m!/2) | (mm/cycle)
i
15.1 9.6X 1075 20.3 2.7x1074
15.3 1.1X10°4 20.5 3.0
15.5 1.2 20.8 3.2
15.7 1.4 21.1 3.4
16.0 1.4 21.4 3.5
16.4 1.4 21.7 3.8
16.9 1.6 22.1 3.9
17.4 1.9 22.6 4.1
18.0 2.2 23.4 4.5
18.6 2.4 24.2 5.0
“ 19.3 2.8 25.0 5.1
? 20.0 3.0 259 5.8
7 20.7 3.4 26.8 6.3
i 21.4 3.6 27.7 7.0
i 22.2 41 28.7 7.3
I 23.0 4.4 30.0 8.4
23.8 5.1 31.7 9.8
; 24.8 5.6 33.5 1.2x10°3
| 35.6 1.4
38.0 1.7
40.7 2.3
44.0 3.8
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Appendix B

FATIGUE CRACK-GROWTH DATA FOR Ti-6Al-6V-2Sn ALLOY

This appendix contains a tabulation of the fatigue crack-growth rate (da/dN) vs
stress-intensity factor range (AK) data plotted in Fig. 4 for the recrystallization anneal
(RA), beta anneal (BA), and mill anneal (MA).

MILL ANNEAL

Sl Al ol baes

Specimen No. Specimen No.
R29-1D R29-2D

AK da/dN AK da/dN
(MPa:-ml/2) | (mm/cycle) {(MPa-ml/2) | (mm/cycle)

15.4 1.56X 1074 20.8 3.8X10°4

15.6 1.73 21.1 4.1

15.8 1.78 21.6 4.1

16.0 1.81 22.2 4.5

16.3 2.07 22.9 5.2

16.5 2.08 23.7 5.6

16.8 2.16 24.5 6.6

17.0 2.31 25.4 7.0

17.3 2.41 26.3 7.5

17.8 2.49 27.2 8.8

18.4 2.67 28.2 1.0x 10°3

19.0 2.82 29.2 14

19.7 3.23 30.2 L.

20.3 3.38 31.3 2.2

21.1 3.76 32.5 3.4

22.2 4.62 34.2 4.0

23.8 5.87 36.3 6.1
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Specimen No. Specimen No.
R29-7D R29-8D

AK da/dN AK da/dN
(MPa:m!/2) | (mm/cycle) (MPa-m!/2) | (mm/cycle)

14.9 1.4Xx10°4 26.1 7.8X10°4 T

15.1 1.5 26.6 8.3

15.2 1.6 27.3 9.3

15.4 1.7 28.2 1.0x10°3

15.6 1.8 29.3 1.1

15.9 2. 30.3 1.2

16.1 2.0 314 1.3

16.4 2.2 32.¢ 1.4

16.6 2.2 33.9 1.6

17.0 2.4 35.3 1.8

17.6 2.6 36.8 2.1

18.2 2.9 38.5 2.4

18.8 3.2 40.8 2.9

19.5 3.4 44.1 4.2

20.2 3.7 48.0 6.9

20.9 4.1 52.0 1.0X10°2

21.6 4.4

22.6 5.0

23.9 5.4

25.3 6.5
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BETA ANNEAL

YODER, COOLEY, AND CROOKER

Specimen No.
R29-4D

Specimen No.
R29-5D

AK
(MPa-ml/z)

da/dN
(mm/cycle)

15.8
16.0
16.4
16.6
16.8
17.1
17.4
17.7
18.0
18.3
18.8
19.4
20.1
20.8
21.6
22.4
23.2
24.1
25.0
26.0

8.9X10°5

DO DO DO DO DO bt b b b ek bt e e
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AK

da/dN
(mm/cycle)

(MPa-m”2)

20.7
21.0
21.1
21.8
22.4
23.2
24.0
24.8
25.7
26.6
27.5
28.5
29.5
30.6
31.7
32.9
34.2
35.6
37.1
39.3
42.3
45.9
50.2
55.5

2.31x10°4
2.48
2.54
2.90
2.95
3.18
3.51
3.81
4.14
4.62
5.08
5.64
6.35
6.55
7.01
7.82
9.25
1.13x10°3
1.20
1.52
1.91
2.77
3.81
6.10







